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DESCRIPTION 



ELECTRODE OF SOLID OXIDE FUEL CELL AND SOLID OXIDE FUEL CELL 

Technical Field 
The present invention relates to an electrode of a solid 
oxide fuel cell (SOFC) and a solid oxide fuel cell using the 
electrode. 



The SOFC is broadly classified into the tubular type and 
the planar type; the planar type includes the bipolar type 
and the monolithic (single piece) type, and both types have 
a laminate structure in which a solid electrolyte made of an 
oxide ion conductor is sandwiched by an air electrode ( cathode ) 
and a fuel electrode (anode) . Single cells made up of this 
laminate structure are connected to each other through 
interconnects (separators), and distributors for supplying 
gas are interposed according to need between the electrodes 
and the interconnects, or the interconnects are provided with 
a distributor structure* 

In a SOFC, oxygen (air) is supplied to the air electrode 
section and a fuel gas (H 2 , CO, CH 4 and the like) is supplied 
to the fuel electrode section. The oxygen supplied to the 
air electrode section passes through the air electrode and 
comes close to the interface with the solid electrolyte layer, 
and there , the oxygen receives electrons from the air electrode 
to be ionized into oxide ions (O 2 ") . The generated oxide ions 
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move Into the solid electrolyte by diffusion toward the fuel 
electrode, react with the fuel gas at the boundary with the 
fuel electrode to produce reaction products (H 2 0, C0 2 and the 
like), releasing electrons to the fuel electrode. These 
5 electrons are taken out as electricity to the outside. 

The electrode reaction in the SOFC, for example, the 
ionization reaction of the molecular oxygen to the oxide ion 
( ( 1/2 )0 2 + 2e- -» 0 2 ~) taking place in the air electrode section 
involves three components , namely, molecular oxygen , electron 

10 and the oxide ion; thus, it is generally believed that the 
reaction can take place merely in the three-phase boundary 
between (1) the solid electrolyte carrying the oxide ions, 
(2) the air electrode carrying electrons and (3) the gas phase 
(air) supplying oxygen molecules . Also in the fuel electrode 

15 section, the electrode reaction takes place in the three-phase 
boundary between the solid electrolyte, the fuel electrode 
and the fuel gas. Accordingly, it is conceivable that the 
extension of the three-phase boundary (this is one dimensional 
in nature, and more accurately can be referred to as a 

20 "three-phase boundary length") is favorable for the 
enhancement of the electrode reactions . 

It is required that the solid electrolyte material has 
a high oxide ion conductivity, and is chemically stable and 
strong against thermal shock under the conditions involving 

25 the oxidizing atmosphere in the air electrode section and the 
redusing atmosphere in the fuel electrode section; it is the 
yttria stabilized zirconia (YSZ) that has hitherto been 
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utilized as a solid electrolyte material which can meet such 
requirements . 

On the other hand, the air electrode and fuel electrode 
both need to be formed of materials having high electronic 
5 conductivity. Because the air electrode material is required 
to be chemically stable in the oxidizing atmosphere of high 
temperatures around 1000°C, metals are unsuitable for the air 
electrode, but perovskite type oxide materials having 
electronic conductivity are suitable. Examples of such 

10 materials include LaMn0 3 , LaCo0 3 , SmCo0 3 and PrCo0 3 , and 

additionally, the solid solutions in which La, Sm or Pr in 
these materials are partially replaced with Sr, Ca and the 
like; mainly used are LaMn0 3 and its solid solution close to 
YSZ in thermal expansion coefficient . The fuel electrode 

15 material is generally a metal such as Ni and Co, or a cermet 
such as Ni-YSZ or Co-YSZ. Incidentally, the metals such as 
Ni take a form of oxide such as NiO at the time of production 
thereof, but are reduced into metal at the time of operation 
of the fuel cell . 

20 Because the solid electrolyte is the medium for migration 

of the oxide ions and also functions as a partition wall for 
preventing the direct contact of the fuel gas with air, the 
solid electrolyte is made to have a dense layer capable of 
blocking gas permeation. On the other hand, the electrodes 

25 ( the air electrode and the fuel electrode ) are made to be porous 
layers so that gases may permeate the layers. Each layer is 
formed by the thermal spraying method, the electrochemical 
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vapor deposition (EVD) method, a sheet forming method using 
slurry, the screen printing method and the like. 

As described above, the electrodes (the air electrode 
and the fuel electrode) of a SOFC are required to be porous 
5 and to have a long three-phase boundary length . For the purpose 
of increasing the three-phase boundary length, Japanese Patent 
Laid-Open No . 1-227362 proposes to conduct a grain size control 
in such a way that fine grains are located in the portions, 
in contact with the electrolyte, of the electrode layers, and 

10 coarse grains are located in the other portions . Additionally, 
it has been known that when the sheet forming method is applied, 
an organic powder (solid at room temperature) to be thermally 
decomposed and removed at the time of sintering is added as 
a pore forming material, and the porosity of an electrode can 

15 be increased (See, for example, Japanese Patent Laid-Open No. 
6-251772 and Japanese Patent Laid-Open No. 6-206781). 

Furthermore, many patent gazettes including Japanese 
Patent Laid-Open No. 2-278663 describe the adoption of the 
graded composition in which the composition variation in the 

20 interface between an electrolyte and an electrode is employed, 
mainly for the purpose of avoiding the sharp variation of the 
thermal expansion coefficient in the interface. 

However, the conventional control of the porosities of 
SOFC electrodes by means of the grain size control of electrode 

25 materials or the addition of organic powders as pore forming 
agent cannot increase the three-phase boundary length to a 
sufficient extent, and accordingly there has been a problem 
such that the electrode reaction is constrained, the 
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polarization becomes large, and the SOFC output power is 
degraded. 

Additionally, in a conventional SOFC, the electrode 
materials and the electrolyte material are different from each 
5 other, so that the thermal expansion coefficients of these 
different materials cannot be precisely equalized, and 
accordingly thermal stain tends to take place. This problem 
can be alleviated by the above described graded (i.e., 
gradient) composition in the interface, but the graded 
10 composition is not intended to equalize the thermal expansion 
coefficients , and hence is not a fundamental solution ; moreover , 
the formation of graded composition layers requires 
substantial labor and cost . 

15 Disclosure of the Invention 

The present invention provides electrodes of a solid oxide 
fuel cell and a solid oxide fuel cell that can overcome such 
problems as those described above. 

For the purpose of overcoming the above described problems , 

2 0 the present inventors have paid attention to a method for 
fabricating a porous metallic body disclosed in Japanese Patent 
Laid-Open No. 8-49002, and have attempted to diligently 
investigate the application of this method for fabricating 
a porous metallic body to a ceramic material for use in forming 

25 the electrodes of a solid oxide fuel cell; consequently, the 
present inventors have come to invent an electrode, for use 
in a solid oxide fuel cell, described in Japanese Patent 
Laid-Open No. 2000-200614. The electrode of the invention 
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of this prior application is constituted with a porous skeleton 
or matrix (hereinafter "skeleton" ) having a three dimensional 
1 network structure with large specific area and being provided 
with the grains made of an electrode material adhered on the 
5 outside surface of the porous skeleton and the surface of the 
pores. Consequently, the three-phase boundary length in the 
electrode is largely increased; the electrode properties are 
drastically improved; and the porous skeleton of the electrode 
has an extremely large specific surface area, so that there 

10 acts an effect for alleviating the thermal shock and thermal 
stain, and accordingly the generation of the fracture of the 
electrode caused by the difference in thermal expansion between 
the skeleton and the electrolyte can be prevented. 

Subsequently, the present inventors have further 

15 promoted the investigation for the purpose of further improving 
the above described electrode properties and thermal shock, 
and consequently the present inventors have come to perfect 
the present invention. 

More specifically, the present invention provides 

20 electrodes of a solid oxide fuel cell, in which the electrode 
has a skeleton formed of a porous sintered compact having a 
three dimensional network structure made of an oxide ion 
conducting material and/or a mixed oxide ion conducting 
material; the grains made of an electron conducting material 

25 and/or the mixed oxide Ion conducting material are adhered 
on the surface of the skeleton; and the grains are baked inside 
the voids of the porous sintered compact in such a condition 
that the grains are filled inside the voids . 
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Preferably, the electrode takes a form in which the 
electrode is formed on one surface or both surfaces of an oxide 
ion conducting, dense solid electrolyte layer , integrally with 
the electrolyte (in the present specification, these forms 
are designated respectively as an electrode/electrolyte 
laminate and an electrode/electrolyte/electrode laminate). 

The present invention provides also a solid oxide fuel 
cell, in which the fuel cell includes an air electrode and/or 
a fuel electrode made of an electrode having the above described 
structure . 

Brief Description of the Drawings 
FIG. 1 is an enlarged explanatory diagram schematically 
illustrating the structure of an electrode involved in the 
15 present invention; 

FIG. 2 is an explanatory diagram illustrating the 
structure of a solid oxide fuel cell using the electrode 
involved in the present invention; 

FIG. 3 is a sectional view schematically illustrating 
20 an example of the structure of an electrochemically active 
cell using the electrode involved in the present invention; 

FIG. 4 is a sectional view schematically illustrating 
another example of the structure of an electrochemically active 
cell using the electrode involved in the present invention; 
25 and 

FIG. 5 is a sectional view schematically illustrating 
yet another example of the structure of an electrochemically 
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active cell using the electrode involved in the present 
invention . 

Best Mode for Carrying Out the Invention 
5 Description will be made below on the examples of the 

present invention on the basis of the drawings. 

FIG. 1 is an explanatory diagram schematically 
illustrating the internal structure of an electrode involved 
in the present invention. 

10 As shown in FIG. 1, the electrode of the present example 

is provided with a structure in which grains 12 are adhered 
to a skeleton 11 made of a porous sintered compact having a 
three dimensional network structure. The skeleton 11 having 
a three dimensional network structure has large pores 13 

15 (namely the network structure pores) formed by the gas bubble 
generation caused by liquid evaporation, grains 12 are adhered 
onto the outside surface of the skeleton 11, and the grains 
12 are baked in the interior of the large pores 13 in such 
a condition that the grains are filled in the interior of the 

20 large pores. 

Incidentally, the interior of the sintered compact is 
formed of a collection of the small pores between the grains 
constituting the skeleton 11; however, in the illustrated 
example, drawing is simplified and the portion concerned is 

25 depicted with dots. 

In the above described structure, the outside surface 
of the skeleton 11 on which the grains 12 are adhered and the 
large pores 13 in the network structure filled with the grains 
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12 constitute the electrode surface. Consequently, as 
compared to the above -described technique of a prior 
application (see Japanese Patent Laid-Open No. 2000-200614) , 
the surface area of the electrode is increased and hence the 
5 three-phase boundary length is drastically increased, so that 
a further improvement of the electrode properties can be 
expected. Additionally, the porosity of the skeleton of the 
electrode materials is extremely large, and accordingly, the 
effect for alleviating the thermal shock and thermal strain 
10 is significant, and the generation of the fracture of the 
electrode caused by the difference in thermal expansion 
coefficient between the skeleton and the electrolyte can be 
prevented. 

The skeleton 11 of the electrode offers the path for the 
15 oxide ions, communicatively connected to the solid electrolyte, 
so that the skeleton is required to have a certain level of 
oxide ion conductivity. Accordingly, as the material for the 
skeleton, there is used at least one selected from an oxide 
ion conducting material and a mixed oxide ion conducting 
20 material . 

On the other hand, the adhered grains 12 offer the path 
for the electrons necessary for exchanging the oxide ions on 
the three-phase boundary, so that the adhered grains are 
required to have a certain level of electronic conductivity. 
25 Accordingly, the adhered grains are formed of at least one 
selected from an electron conducting material and a mixed oxide 
ion conducting material. Preferably, at least a part of the 
adhered grains are formed of an electron conducting material . 



- 9 - 



In other words , the adhered grains are formed of either an 
electron conducting material or a mixture of an electron 
conducting material and a mixed oxide ion conducting material . 
The materials suitable for the skeleton 11 to be cited 
5 in the first place are the oxide ion conducting materials which 
have hitherto been used as the solid electrolytes for use in 
the solid oxide fuel cell. More specifically, yttria 
stabilized zirconia (YSZ) having a f luorite crystal structure 
is one of the typical such materials; however, other oxide 

10 ion conducting materials, known to be usable as the solid 
electrolytes for use in the fuel cell, can also be used. 

As oxide ion conducting material having a higher 
conductivity than YSZ, there can be cited lanthanum gallate 
based materials having the perovskite crystal structure and 

15 the compositions represented by the following formula (1). 
These materials have suitable properties for solid electrolyte 
of solid oxide fuel cells , such as a high conductivity even 
at low temperatures , which enables construction of solid oxide 
fuel cells operable at a temperature lower than about 1000°C, 

20 a typical operating temperature employed heretofore. These 
materials are also extremely suitable as a material for the 
skeleton of the electrodes in the present invention. 

Lni_ x A x Gai- y - z Bl y B2 z 0 3 ... ( 1 ) 

where 

2 5 Ln = one or more of La, Ce, Pr, Nd and Sm, preferably 

La and/ or Nd, more preferably La; 

A = one or more of Sr, Ca and Ba, preferably Sr; 
Bl * one or more of Mg, Al and In, preferably Mg; 
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B2 = one or more of Co, Fe, Ni and Cu, preferably Co or 
Fe, more preferably Co; 

x = 0.05 to 0.3, preferably 0.10 to 0.25, more preferably 
0.17 to 0.22; 

5 y = 0.025 to 0.29, preferably 0.025 to 0.17, more 

preferably 0.09 to 0.13; 

z = 0 . 01 to 0 . 15 , preferably 0.02 to 0.15, more preferably 
0.07 to 0.10; and 

y + z is 0.3, preferably y + z = 0 . 10 to 0 . 25 . 
10 When the skeleton is formed of a mixed oxide ion conducting 

material, as an appropriate material, there can be cited a 
lanthanum gallate based material having the perovskite crystal 
structure, represented by the above formula (1) in which Ln, 
A, Bl, B2 and x are the same as described above, and y and 
15 z are as follows: 

y = 0 to 0.29, preferably 0.025 to 0.17, more preferably 
0.09 to 0.13; 

0.15 < z «s 0.3, preferably 0.15 < z <; 0.25; and 
y + z 2£ 0.3, preferably y + z = 0.10 to 0.25. 
20 More specifically, a lanthanum gallate based material 

having a composition represented by the above described formula 
(1) becomes an oxide ion conductor for the z value of 0.15 
or less because the ion transport number is increased, but 
becomes an mixed oxide ion conductor for the z value exceeding 
25 0.15 because the ion transport number is decreased. 

As another mixed oxide ion conductor suitable for the 
material of the skeleton , here is a material having a perovskite 
crystal structure represented by the following formula (2) : 
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A ' l-x f Cax'GcLx-y 1 B 1 y»03 ... (2) 

where 

A' = one or more lanthanoid metals each having the 8 
coordination ionic radius of the trivalent ion ranging from 
5 1.05 to 1.15 A; 

B' = one or more of Co, Fe, Ni and Cu, preferably Co; 

x' = 0.05 to 0.3, preferably 0.05 to 0.2; and 

y' = 0.05 to 0.3, preferably 0.08 to 0.2. 

Examples of the metal represented by A' include Nd, Pr, 
10 Sm, Ce, Eu and Gd and the like; among these, Nd is particularly 
preferable. A material represented by the above described 
formula (2) can display a further higher conductivity than 
a material represented by formula (1). 

When the electrode is the fuel electrode (anode), it is 
15 not preferable that the skeleton is made of the above described 
mixed oxide ion conductor, because the overall conductivity 
is degraded in the reducing atmosphere to which the fuel 
electrode is exposed. When the electrode is the air electrode 
(cathode), even if the skeleton is made of the mixed oxide 
20 ion conductor, there occurs no problem as described above. 
Accordingly , the material of the skeleton for the air electrode 
may be an oxide ion conductor, a mixed oxide ion conductor, 
or a mixture of both. 

The grains 12 adhered onto the outside surface of the 
25 skeleton 11 having the three dimensional network structure 
and the grains 12 filled in the pores 13 are constituted with 
an electron conducting material and/or a mixed oxide ion 
conducting material. These grains 12 can be constituted with 
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the materials which have hitherto been used for the fuel 
electrode or the air electrode. 

As the material for the adhered grains in the fuel 
electrode, there can be used at least one selected from Ni, 
5 Co and Cei_ m C ra 0 2 (C is one or more of Sm, Gd, Y and Ca; m = 
0 to 0.4). Among these, Cei_ m C m 0 2 (Ce0 2 when m = 0) is a mixed 
oxide ion conductor, and the metals are of course electron 
conductors. Preferable is a mixture of one metal (preferably 
Ni), selected from Ni and Co, and Ce 1 _ m C m 0 2 . 

10 The material for the adhered grains in the air electrode 

includes an electron conducting material or at least one 
material selected from the materials based on LaMn0 3 , LaCo0 3 , 
SmCo0 3 and the PrCo0 3 which are mixed oxide ion conducting 
materials. In this connection, for example, the LaMn0 3 based 

15 material includes a material in which La or Mn is partially 
replaced with other metals, and this is also the case for the 
other materials. For example, a hitherto known material in 
which La is partially replaced with Sr and/or Ca can be used. 
The electrode of a solid oxide fuel cell is used in the 

20 form in which the electrode is integrated with the solid 
electrolyte layer. The electrode involved in the present 
invention which is formed by adhering the grains made of an 
electrode material to a porous sintered compact having a three 
dimensional network structure can be integrated with the 

25 electrolyte material by the thermocompression bonding before 
sintering or by the thermal spray of the electrolyte material 
to the sintered electrode. 
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In order to overcome or minimize the thermal strain in 
the electrode/electrolyte interface which strain provokes 
problems when the electrode is integrated with the solid 
electrolyte, the skeleton of the electrode may be made of a 
5 material the same or the same in type as the material of the 
solid electrolyte layer. Materials of the same type intends 
to mean and represent materials which are the same in main 
component and crystal structure. 

For example, when the solid electrolyte is a YSZ , the 

10 skeleton of the electrode can be constituted with the YSZ. 
Additionally, when the solid electrolyte is made of an oxide 
ion conductor represented by the above described formula (1) 
(namely, the z value is 0.15 or less), the skeleton of the 
electrode can be constituted with the same oxide ion conductor 

15 or a material represented by the above described formula (1) 
with the z value larger than 0.15 which is the same type of 
mixed oxide ion conductor. Additionally, the compounds 
represented by the above described formula (2) can be used 
satisfactorily as the skeleton of the electrode materials 

20 because the compounds are of the same type in view of the fact 
that the compounds are among the rare earth gallates having 
the perovskite structure. 

As described above, when the material of the skeleton 
which constitutes the major portion of the electrode is made 

25 to be the same or the same in type as the material of the solid 
electrolyte, the problem of the thermal strain in the 
electrode/electrolyte interface can be eliminated or 
remarkably alleviated. However, in the present invention. 
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the skeleton of the electrode is a three dimensional network 
structure having a large surface area, and this structure 
displays an effect for alleviating the thermal shock and the 
thermal strain; accordingly, even if the electrolyte and the 
5 skeleton of the electrode are different in the material type, 
the fracture caused by the difference in thermal expansion 
coefficient between the electrolyte and the skeleton hardly 
occurs . 

Now, on the basis of FIG. 2, a detailed description will 
10 be made hereinafter with respect to the configuration of a 
planar type solid oxide fuel cell to which the present invention 
is applied. 

In FIG. 2, reference numeral 1 designates a fuel cell 
stack, which has a structure in which an electrochemically 

15 active cell 5 in which a fuel electrode layer 3 and an air 
electrode layer 4 are arranged respectively on both surfaces 
of a solid electrolyte layer 2, a fuel electrode current 
collector 6 arranged outside the fuel electrode layer 3, an 
air electrode current collector 7 arranged outside the air 

20 electrode layer 4, and the separators 8 arranged respectively 
outside the current collectors 6 and 7 are laminated in this 
order . 

Additionally, respectively on both sides of the fuel cell 
stack 1, a manifold 25 for fuel for supplying fuel gas through 
25 connecting pipes 23 to fuel paths 21 in the respective 

separators 8 and a manifold 26 for oxidant for supplying oxidant 
gas through connecting pipes 24 to oxidant paths 22 in the 
respective separators 8 are arranged so as to be extended along 
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the stacking direction with respect to the electrochemically 
active cell 5. 

FIGS. 3 to 5 illustrate different examples of the internal 
structures of the electrochemically active cell 5 portion of 
5 the solid oxide cell shown in FIG. 2. In these figures, 
reference numeral 4 denotes an air electrode , reference numeral 

2 denotes a solid electrolyte layer, and reference numeral 

3 denotes a fuel electrode. 

Here, FIG. 3 shows an example in which the electrode of 
10 the present invention is used as the fuel electrode 3, FIG. 

4 shows an example in which the electrode of the present 
invention is used as the air electrode 4, and FIG. 5 shows 
an example in which the electrode of the present invention- 
is applied to the fuel electrode 3 and the air electrode 4. 

15 In any of these configurations , the electrode properties 

are drastically improved, and a solid oxide fuel cell can be 
actualized in which the thermal shock and the thermal strain 
are markedly reduced. 

20 Industrial Applicability 

As described above, the electrode of a solid oxide fuel 
cell involved in the present invention has a configuration 
in which grains made of an electrode material are adhered to 
the surface of a porous sintered compact (skeleton) having 

25 a three dimensional network structure with a large specific 
surface area, and the grains made of the electrode material 
are filled inside the voids of the porous sintered compact 
and baked inside the voids; accordingly, the three-phase 
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boundary length is drastically increased, and hence the 
electrode properties are markedly improved. 

Additionally, the porous skeleton of the electrode has 
an extremely large specific surface area, and hence there acts 
an effect for alleviating the thermal shock and the thermal 
strain, so that generation of the breakdown of the electrode 
caused by the difference in thermal expansion coefficient 
between the skeleton and the electrolyte can be prevented. 

Moreover, the porous skeleton of the electrode can be 
formed using the same material as that for the electrolyte, 
and hence the difference in thermal expansion coefficient 
between the skeleton and the electrolyte vanishes, so that 
the generation of the thermal strain itself can be eliminated. 

By using such an electrode as described above, there can 
be actualized a solid oxide fuel cell in which the power output 
property and the reliability are drastically improved. 



